Introduction
Significant economic losses caused by phylloxera in European vineyards in the second half of the 19 th century initiated efforts to develop a suitable strategy of fighting with this pest and breeding of resistant rootstocks showed to be a useful tool.
Grape phylloxera (Daktulosphaira vitifoliae Fitch., Homoptera, Phylloxeridae), gall-forming aphid native to North America, is an obligate plant parasite of grape (Vitis spp.) [1] . Phylloxera is a pest widespread in the majority of wine-producing countries throughout the world and can cause significant economic losses in commercial vineyards planted and rooted with Vitis vinifera L. varieties. The parasite damages and weakens the root system, reducing productivity of vineyards. Severely infected vineyards can lead to withering and even dying off of vines.
Phylloxera was introduced to Europe with wild American species of the genus Vitis spp. which should be used as breeding material when producing hybrids resistant to fungal diseases. Thanks to an early detection of phylloxera in France, the breeding programmes were quickly oriented to the selection of rootstocks resistant to this pest and thus, providing the natural resistance of American vines to phylloxera [2] .
The phylloxera population occurring under natural environmental conditions and also in European vineyards can damage not only grapevine (Vitis vinifera L.) roots but also leaves of American grapes (Vitis spp.) and their hybrids [3] . Gall-producing individuals are therefore called "gallicoles" while those damaging roots are known as "radicicoles". Radicicoles cause more significant damages which can result in the death of plants while gallicoles inhibit the growth and degrade the quality of annual shoots [4] . Root damages caused by phylloxera can be classified as nodosities and tuberosities. Nodosities are swelling on young root tips and represent the first symptom of infection. The occurrence of nodosities and absence of tuberosities can be evaluated as the first indicator of sensitivity.
Tuberosities are galls occurring on lignified roots and can be observed after a longer period of phylloxera infestation of plants [5] .
The involvement of wild American vines of the genus Vitis spp. into the European breeding programme resulted in tolerant rootstocks which are commonly usedin viticulture. Grafting of scions of individual Vitis vinifera L. varieties on American rootstocks is therefore an important and very efficient tool for protection of grapevine plants against phylloxera [6] . Rootstocks used in the Central European region resulted from important and intensive breeding activities performed by Zsigmondt Teleki in Villányi in the South Hungary to the end of the 19 th century. Teleki worked with species Vitis berlandieri Planch. and Vitis riparia Michx. and selected their hybrids.
Grape phylloxera can be classified as a permanent biotic stress factor that occurs in the majority of grapevine growing countries of the world. Within a period of more than 100 years of growing grapevines using grafting, several new and aggressive biotypes of phylloxera appeared.
A typical example of aggressive biotypes is biotype B identified in California, that caused the decline of grapevine varieties cultivated on the rootstock AXR #1 [7] . In European vineyards, there is a high genetic variability within the species Daktulosphaira vitifoliae. This means that the aggressivity of phylloxera biotypes can be considered a genetically pre-determined factor [8] .
The significant occurrence of phylloxera in many countries of the world represents an alarming phenomenon. A significant and rapid spreading of phylloxera infestation was observed in China [9] . Recently, a similar occurrence of phylloxera can be observed also in Australia where approximately 85% of vineyards with own rooted Vitis vinifera L. varieties are either sensitive or already infested with this pest [10] . New attacks of phylloxera were also observed in German vineyards where the occurrence of phylloxera was recorded on plants of SO 4 and Kober 5 BB rootstocks [11] . New aggressive phylloxera biotypes and the infestation of vineyards with this pest indicate that it is necessary to try to select new types of rootstock plants that show a higher degree of phylloxera resistance.
The pedigree of the majority of commercially used rootstock varieties is based on a combination of Vitis berlandieri Planch. x Vitis riparia Michx. and this may result in their reduced resistance to phylloxera. A genetic variability that is not only based on the aforementioned combination of Vitis berlandieri Planch. x Vitis riparia Michx. may be a new way in rootstock breeding and selection. For that reason e.g. Vitis cinerea Arnold may become a new source of resistance when developing new rootstock types [12] .
In 1934, however, Carl Börner discovered a total phylloxera resistance in Vitis cinerea Arnold and used this species in his breeding programme. Vitis cinerea Arnold shows a total resistance to this pest and was used to produce its hybrid with Vitis riparia 183 G which was named Börner [13] . The Börner rootstock responds to the phylloxera infestation on the base of the hypersensitive reaction which results in local necroses on leaves and roots eliminating thus the damage caused by phylloxera [14] . Börner rootstock shows a total resistance to phylloxera so that the formation of nodosities and tuberosities does not take place [15, 16] .
There are several methods to evaluate the resistance of rootstocks to phylloxera; it is possible to classify rootstocks as highly resistant, resistant, susceptible and highly susceptible [17] . Laboratory bioassays represent a very popular method of evaluation of phylloxera resistance of rootstocks; using root segments, it is possible to assess the developmental capabilities of phylloxera and, thus, the degree of resistance [18] [19] [20] [21] [22] [23] . A laboratory evaluation can be used directly in the vineyard for predictions of rootstock resistance to phylloxera [18] . The assessment of phylloxera resistance can be carried out also in pot experiments established under glasshouse conditions [6, 21] . A combination of assessment methods performed under field conditions, in pot experiments and by means of laboratory bioassays can be used as an indicator of the phylloxera resistance of rootstocks [24] .
In the former Czechoslovakia (and nowadays in the Czech Republic), the breeding of rootstocks has a long tradition. Czech breeders used not only American Vitis spp. but also the East Asian species Vitis amurensis Rupr. and the European species Vitis vinifera L.
Vitis amurensis Rupr. dispose a high level of frost resistance (up to -45°C) and also a very short growing season [25] . Both these characteristics represented the main reason why they were used in rootstock breeding. However, the species Vitis amurensis Rupr. seems to be a phylloxera-sensitive grapevine species. It suffers markedly of old roots infestation and usually shows a high number of secondary feeding sites [19] . Also the speciesVitis vinifera L. was rather often used by rootstock breeders, above all due to its capability to improve their affinity to grafted cultivars of Vitis vinifera L.
This species represents also the best source of tolerance to lime; unfortunately, however, it also causes the sensitivity of plants to phylloxera [26] . In plants of European grapevine (Vitis vinifera L.), the damage of both lignified and non-lignified roots is relatively high. This may result in a significant phylloxera-caused damage and, thus, in high economic losses [2] . In the past, the results of rootstock breeding and selection obtained in the Czech Republic were used as the starting material for breeding combinations Vitis vinifera x Vitis cinerea Arnold.
The aim of this study was to evaluate the resistance of hybrids obtained on the base of Vitis cinerea Arnold to phylloxera in pot and laboratory experiment. We also tried to determine the dependence of phylloxera resistance on parental varieties and/or on the species Vitis cinerea Arnold. We also recommend selected hybrids for a further evaluation of rootstock characteristics under the field conditions and, as well, to recommend some suitable genetic resources for the breeding work focused to phylloxera resistance.
Experimental Procedures

Experimental site
The evaluation was performed within the period The total number of evaluated rootstock hybrids was 59 and they originated from 9 groups of crossings, further in the text Group A-I ( 
Experiment evaluation
Pot experiment evaluation
Annual shoots were cut to segments with 3 buds and rooted in a warm glasshouse. Altogether 15 plants were evaluated in each year. Rooted plants in 2-litre pots were transferred into the experimental glasshouse. Each pot was under drip irrigation. Pots contained the substrate Klasmann (Geeste, Germany) with the following parameters: pH (5.2); N (210 mg l -1 ); P 2 O 5 (240 mg l -1 ); K 2 O (270 mg l -1 ) and Mg (120 mg l -1 ). Containers were under drip irrigation to the RWC (relative water content) of 60-70%. Containers with individual hybrids were isolated in boxes. In the course of experiments, the ambient temperatures and values of relative humidity in the glasshouse ranged from 25 to 28°C and from 75 to 85%, respectively.
For phylloxera inoculation in pots leaf galls originating from the Kober 125AA rootstock were used [27] . The evaluation of root resistance to phylloxera was carried using a scale mentioned by Porten et al. [28] ( Table 2) . Infestation with the leaf form of phylloxera was performed according to a scale described by Kozma et al. [29] ( Table 3) . Grade of sensitivity to phylloxera radicicoles Symptoms
= No infestation (a very high resistance)
No nodosities and no phylloxera 3 = Low infestation A few of new nodosities. Very low phylloxera populations. Only a few eggs.
= Medium infestation
Several new nodosities, many old ones. Some phylloxera. Some eggs.
= Heavy infestation
Many new and old nodosities. Many phylloxera individuals, often several on one nodosity. Many eggs.
= Extreme infestation (a very high susceptibility)
Lots of new and old nodosities. Great numbers of both adults and eggs. Usually several adults on one nodosity. Table 2 . Scale used for the evaluation of root resistance to phylloxera radicicoles in a pot experiment [20] .
Evaluation of resistance under laboratory conditions
The evaluation of resistance of rootstock hybrids to phylloxera under laboratory conditions was performed according to the method described by Kocsis et al. [22] . Roots 3-7 mm in diameter were washed with distilled water and cut into 5 cm segments. One end of each root piece was wrapped with moist cotton wool and the roots were placed in pairs on filter paper discs in 9x1 cm glass Petri dishes. Roots were infested with eggs originating from phylloxera colonies. Colonies were maintained according to Granett et al. and De Benedictis et al. , [7, 20] . Each colony was established using leaf galls originating from the rootstock variety Kober 125 AA; rootstock plants were cultivated in the rootstock vineyard of the Department of Viticulture and Enology, Faculty of Horticulture in Lednice, Czech Republic. For each colony, ten of 1-3-day-old eggs were placed on each of 10 root pieces. Petri dishes were sealed with parafilm and dishes were maintained in following conditions: temperature 25°C, 75% relative humidity and 24 h darkness [23] . Numbers of phylloxera eggs and adults on roots pieces on days 18, 24 and 31 after the establishment of this experiment were recorded.
Statistical evaluation
Results were processed using the method of variance analysis (ANOVA) and by a subsequent comparison using Tukey's test at the significance level P≤0.05. Results obtained by means of individual methods were compared using Pearson's correlation.
Results
Evaluation of resistance to phylloxera gallicoles in pot experiment
The resistance to phylloxera gallicoles was evaluated on plants in the pot experiment ( Table 4 ). In 29 rootstock hybrids the formation of leaf galls did not occur and only necrotic spots were observed. In Group B, the 1 st grade of resistance phylloxera gallicoles was recorded in all hybrids (100%). This group was very complex and involved American species: Vitis berlandieri Planch., Vitis riparia Michx., Vitis rupestris Scheele, and Vitis cinerea Arnold as well as an East Asian species Vitis. amurensis Rupr. In Group C, the 1 st grade of resistance was observed in 70% of all hybrids. In this group, the rootstock Börner had Vitis cinerea Arnold as the source of resistance in its pedigree and in Group B Vitis cinerea Arnold occurred in pedigrees of the rootstock Börner and the hybrid Bruci.
The highest resistance to phylloxera gallicoles from parental varieties was detected in the rootstock variety Börner, which is comparable with best rated rootstock hybrids. For other of parental varieties (Teleki 5 C, Binova, Bruci and Peking 1) the resistance was significantly lower.
Results of statistical evaluation of pot experiment (according to individual pedigrees) are presented in Table 5 . As can be seen Groups B and C differed significantly from all other groups of hybrids. The lowest degree of resistance to phylloxera gallicoles was found in rootstock hybrids 16-1-10 (Group A), 17-7-8 (Group D), 17-8-3 (Group D) and 16-11-10 (Group E). When comparing individual groups on the base of their pedigrees, the lowest degree of resistance was found out in Group D, which highly significantly differed from Groups B and C.
Evaluation of resistance to phylloxera radicicoles in pot experiment
A high degree of resistance to phylloxera radicicoles was observed in 18 of all studied hybrids ( Table 4) . The highest average degree of resistance was recorded in Groups B and C. However, the highest percentages of hybrids evaluated with Grade 1 were found in Groups A and C (viz. 50% and 47%, respectively). On the other hand, the lowest degree of resistance (Grade 7) was found in hybrids 16-11-2 (E), 16-12-4 (E), 16-12-10 (E), and 9-19-1 (F).
In the hybrids with very high resistance (grade 1), resistance to phylloxera radicicoles was comparable only with that of the Börner rootstock, from parental varieties. Other evaluated rootstock varieties showed a significantly lower degree of resistance to phylloxera radicicoles ( Table 4) .
A comparison of resistance to phylloxera radicicoles recorded in individual groups of hybrids demonstrated a significant divergence of Groups B and C, which showed the highest degree of resistance ( Table 5) . These results corresponded with results of the evaluation of resistance to phylloxera gallicoles. On the other hand, a significantly low degree of resistance was found in Groups E, G, and H. 17-1-6 C 3.00 ± 1.41 de 1.00 ± 0.00 a 17-2-7 C 1.00 ± 0.00 a 1.00 ± 0.00 a 17-2-10 C 1.00 ± 0.00 a 1.00 ± 0.00 a 17-3-1 C 1.00 ±0.00 a 1.00 ± 0.00 a 17-3-6 C 1.00 ± 0.00 a 1.00 ± 0.00 a 17-3-7 C 1.00 ± 0.00 a 3.00 ± 0.00 cd Table 5 . Evaluation of resistance to phylloxera gallicoles and phylloxera radicicoles as dependent on the pedigree of plants cultivated in pots.
Within a column, means with different letters are significantly different at P≤0.05 in Tukey´s test. No letters within column means that there are no significant differences among the means in this column.
Evaluation of resistance to phylloxera under laboratory conditions
To learn more about the resistance of rootstock hybrids to phylloxera radicicoles, laboratory experiments with root segments were preformed. In this case the development of eggs and adults was evaluated after 18, 24, and 31 days after inoculation ( Table 6 ). As far as the resistance to phylloxera is concerned, the most important is the evaluation performed on Day 31 after inoculation of eggs on root segments. Under laboratory conditions, it is important to study the capability of phylloxera to survive and propagate on root segments. When screening numbers of eggs on root segments within a period of 31 days, it was found that in variants with individual hybrids these values both increased and decreased. The most obvious increase in egg numbers was observed in hybrids: 17-8-1 (Group D), 8-20-5 (Group G), and 17-11-2 (Group H). These hybrids creates favourable conditions for the reproduction of phylloxera. Similar trends were observed also in the development of adults. On Day 31, the most distinctive increase in numbers of adults was recorded in hybrids 17-7-8 (Group D), 8-20-6 (Group G), 17-11-4 (Group H), 9-19-1 (Group F), 16-12-10 (Group E), 16-12-4 (Group E), and 16-11-2 (Group E). The evaluation of hybrids with regard to the pedigree indicated the lowest numbers of eggs and adults in Group C, which markedly differed from all other populations ( Table 7) . After a complex evaluation of laboratory experiment, altogether 10 hybrids were selected that created unfavourable conditions for phylloxera survival and propagation, viz. 16-1-7 (Group A), 16-10-1 (Group B), 17-2-7 (Group C), 17-2-10 (Group C), 17-3-1 (Group C), 17-3-6 (Group C), 17-6-2 (Group C), 16-12-6 (Group E), 17-12-1 (Group I), and 17-13-10 (Group I). The highest number of resistant hybrids occurred from population C, which was the result of crossing Binova x Börner. When comparing the numbers of adults within the framework of a laboratory experiment, it was found that the selected resistant hybrids showed characteristics comparable only with the rootstock variety Börner.
Correlation between pot and laboratory experiments
In the pot experiment, it was also demonstrated that the existing correlation between results of evaluation of resistance to phylloxera galicolles and phylloxera radicicoles was low (r=0.13). This fact is supported by our earlier finding that only 24% of plants showed a high degree of resistance to both phylloxera galicolles and phylloxera radicicoles. A higher correlation existed between phylloxera radicicoles and (i) number of eggs and (ii) number of adults on Day 31 (r=0.54, P≤0.05 and r=0.55, P≤0.05, respectively). The correlation between numbers of eggs and adults on Day 31 (r=0.75, P≤0.01) was very high.
Discussion
The resistance to the leaf form of phylloxera is very important above all from the viewpoint of scion material production in the rootstock vineyard; another risk, however, is the possibility of phylloxera transfer to roots of plants in commercial vineyards. The leaves of many rootstocks are very susceptible to the formation of leaf galls. The phylloxera populations may be very large and can move not only from one plant to the other but also from leaves to roots and vice versa [30] . Necrotic spots on leaves indicate a hypersensitive reaction (HR) of rootstock hybrids. The term hypersensitive reaction (HR) is used by plant pathologists and describes the response of plants to the infection. This reaction involves morphological and histological changes that result in necroses of infested tissues and, thus, the localisation, limitation, and necrosis caused by this aggressive pest [31] . The first published case of hypersensitive reaction of plants to insect attacks described the relationship between grapevines and phylloxera [32] . Börner reacts to phylloxera infestation by necrotisation of cells at point of pathogen penetration, so that this can be considered a sort of hypersensitive reaction [33] . Similar reactions were found in 29 hybrids; in populations having Vitis cinerea Arnold in the pedigree this can be evaluated as a symptom of resistance just in the form of hypersensitive reaction. In individual varieties of Vitis vinifera L. leaf galls mostly do not occur [4] . However, Granett and Kocsis [30] observed some leaf galls in some varieties of Vitis vinifera L. in Hungary. This means that it is not possible to claim that the presence of varieties of Vitis vinifera L. in the pedigree enhances the resistance of plants to phylloxera gallicoles. This finding is also corroborated by results obtained in Group H.
However, as far as production and properties of rootstocks are concerned, the resistance to phylloxera radicicoles is much more important.
The obtained results correspond not only with the observation of Schmid et al. [34] that high percentages of resistance mechanisms of Vitis cinerea Arnold can be transferred to the progeny but also with percentages of resistant hybrids occurring in individual populations. Schmid et al. [34] found the following percentages of individuals that did not produce eggs or nodosities in leaf galls: Kober 125AA x Börner (54%), Vitis berlandieri Planch. x Börner (75%), and Binova x Börner (36%).
When evaluating phylloxera resistance in the pot experiment, it was found that the percentages of individuals resistant due to their pedigree was rather changing. The highest numbers of plants resistant to phylloxera galicolles were recorded in Groups A, B, and C. The highest numbers of individuals resistant to phylloxera radicicoles were found in Groups A, E, C, and B. Comparing the resistance to phylloxera gallicoles and radicicoles, it was found that altogether 14 hybrids showed the highest resistance to phylloxera gallicoles and phylloxera radicicoles. These hybrids occurred in various populations. On the other hand, however, it was also found that among the studied hybrids there were individuals showing a high and low resistance to phylloxera gallicoles and phylloxera radicicoles, respectively, and vice versa.
The plants with leaf resistance were also mostly resistant to phylloxera radicicoles; however, the heredity of this type of resistance was different and was dependent on parental plants. In our study, this observation was corroborated only in 24% of all hybrids under study [20] . These results corresponded with variability reported by Schmid et al. [35] ; these authors found that numbers of rootstock plants resulting from hybridisation with the variety Börner were very variable. The resistance to root and leaf phylloxera forms ranged from 75% (Vitis berlandieri Ressequier 1) to less than 5% (Kober 5BB). In Kober 125AA, Dog Ridge, and Binova the corresponding values were 48%, 35%, and 28%, respectively.
Obtained results enabled to differentiate among individual hybrids and hybrid populations on the basis of their resistance to phylloxera and corroborated the opinion mentioned by Ramming [5] who wrote that pot experiments performed under glasshouse conditions can be used for differentiation of hybrids resistant and susceptible to phylloxera infestation.
When evaluating the development of phylloxera under laboratory conditions, Kocsis et al. [22] observed a higher survival of phylloxera individuals on the Vitis vinifera L. variety 'Cabernet Sauvignon' while in variants with 41B and Vitis riparia Michx. it was nearly zero. Regarding these data it is possible to conclude that the zero occurrences of eggs and adults on root segments are associated with the resistance to phylloxera. This observation corresponds with results published by Du et al. [36] ; these authors observed that the stage of phylloxera adults did not occur on the rootstock SO4 and for that reason the laying of eggs could not be observed. Similar results were published also by Granett [37] who reported that on resistant grapevine varieties the numbers of adults were very low (e.g. St. George 0.05, and Ganzin 1 only 0.04).
The most favourable conditions for the propagation of the numbers of adults were very low (e.g. St. George phylloxera adults were found in Groups G (hybrids with Vitis amurensis Rupr.) and H (hybrids with Vitis vinifera L. cv. Aurelius)). Similar conditions were observed also in the case of Peking 1 (Vitis amurensis Rupr.) variety. It was also corroborated that Vitis amurensis Rupr. enables a survival of phylloxera on roots and that the percentage of tuberosites was at the level of 30%; this, however, was less significant than in case of Vitis vinifera L. [36] .
During the process of their phylogeny, both these species did not get in touch with phylloxera so that they could not develop resistance to this pest. In these populations, Vitis cinerea Arnold is not represented by the variety Börner but by hybrid Bruci. This fact is very important in the final evaluation.
The complex immunity or resistance of plants is created in the course of evolution only in contacts with causative agents of infection diseases or abiotic factors (frost, high temperatures, aridity) that contribute to natural selection and adaptation of plants to existing environmental conditions [38] . This rule also concerns the species Vitis vinifera L. and Vitis amurensis Rupr.
Tolerant vines support phylloxera populations on their fibrous roots, and phylloxera are able to reproduce freely; however the impact on vine or scion growth productivity is minimal. Resistant vines exert a negative influence on phylloxera reproduction and development on roots, while on immune vines phylloxera are completely unable to establish root feeding sites [19] .
Based on the evaluation of results obtained in the pot and laboratory experiments altogether 7 hybrids were selected showing the highest degree of resistance. They are as follows: 16-1-7 (Group A), 16-10-1 (Group B), 17-2-7 (Group C), 17-3-1 (Group C), 17-3-6 (Group C), 17-2-10 (Group C), and 16-12-6 (Group E). According to the definition formulated by Kellow et al. [27] , these rootstock hybrids may be classified as resistant. The highest number of resistant hybrids originated from the crossing Binova x Börner.
The variety Börner shows a high degree of root resistance to all until now tested phylloxera races [35, 39] . Zhang et al. [40] mentioned that Börner disposed of a gene of resistance to phylloxera and that this resistance was successfully transferred also to the progeny. The rootstock Börner seems to be an important source of phylloxera resistance. This fact is also confirmed in this study. This fact was corroborated also within the framework of this phenotypic evaluation performed in pot and laboratory experiments. The rootstock Börner occurred in pedigrees of all selected resistant hybrids in this study. In Groups A and B, there are even two sources of Vitis cinerea Arnold (Bruci and Börner). However, the significance of the rootstock Börner for the resistance to phylloxera seems to be much more important than that of the hybrid Bruci ( Table 6 ). Correlative relationships demonstrated the justification of combining results obtained in pot and laboratory experiments prior to evaluation of plants under field conditions and their introduction into the viticultural practice. This means that when selecting rootstocks with regard to their resistance to phylloxera, it is suitable to test the hybrids in a pot experiment parallel with stricter conditions of a laboratory experiment with root bioassays.
